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Abstract 
This paper presents an analytical, numerical and experimental approach to detect, measure, locate and 
track moving loads in a structural element using discrete strain measures. An analytical model 
considering an Euler-Bernoulli beam was first studied in simple supported beam. Then a computer 
algorithm was implemented by using numerical models to automatically detect, locate and track 
different concentrated loads on this structural element. Finally, steel and reinforced concrete beams 
were tested in the experimental phase to validate the algorithm. Nowadays we are developing more 
structural types, as slabs (building foundations) or plates (frameworks), and considering random 
boundary conditions. Together with multifunctional cement composites capable of sensing strain and 
damage (carbon fiber reinforced cement pastes or mortars), it could be a breakthrough in the field of 
preventive maintenance, offering a real time structural health monitoring system. 
1 Introduction 
Today most of the methods for detecting moving objects or people are optical based methods. In this 
group can be included video cameras or laser detectors for example [1, 2]. Other types of sensor are 
being developed based on different electromagnetic interaction (ultrasound, radio wave, microwaves) 
[3]. But all these need of the cooperation of the users, wearing some king of wave reflectors, emissors 
or metallic elements which interact with the sensors that watch the building. 
It would be interesting to have an alternative in which the same structure could act as a sensor itself. In 
a first step, using discrete strain sensors distributed in selected points of the structural elements single 
loads can be detected and even tracked.  
Recently a cement based composite capable of strain sensing is being developed [4]. Cement-based 
materials reinforced by discontinuous carbon fibers (CFRC) dispersed in the cement are 
technologically important, due to their combination of good structural properties [5, 6], durability [5, 
7] and exceptional functional properties [4, 8]. These materials show a reversible change in their 
resistivity upon a certain strain. Under compression stress their resistivity decreases, and when a 
tensile stress is applied their resistivity increases. Both effects are reversible when the stress is out [4].  
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2 Analytical study 
As a first stage, a brief revision of calculus theories is included. Both linear and superficial elements 
are reviewed. It is necessary to distinguish between theories considering shear strain effects 
(Timoshenko beam theory, Reissner-Mindlin plate theory) and theories neglecting this effect (Euler-
Bernoulli beam theory, Kirchhoff plate theory). In this paper, only the later ones will be considered. 
2.1 Euler-Bernoulli beam theory 
The fundamental assumptions of this theory can be summarized as follows: 
• Materials must have an isotropic and linear elastic behaviour. Also with a negligible Poisson’s 
ratio, so plane cross sections remain plane after deflection.  
• At every point the vertical deflection depends only of its longitudinal position in the beam. 
• Neutral axis points will only have vertical deflection and rotation. 
• Normal stresses perpendicular to the longitudinal axis are negligible. 
• Cross sections plane and perpendicular to the neutral axis before deflection remain plane and 
normal to the directrix once deflected. 
The curvature χ can be written using the deflection w: 
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For a simple supported beam with a uniform load applied the constitutive equation would be: 
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If M=D·χ, with the stiffness D=E·I, and using equations (1) and (2), the equilibrium equation of Euler 
Bernoulli is obtained, and must be satisfied at every point of the beam: 
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The distribution of the normal stress, due to bending moments in a cross section, as shown in Figure 1, 
will be according to Navier’s equation (4). The shear stress will satisfy Colignon-Jourawski equation 
(5), also considering the analysis made by Jourawski for different shapes of cross sections [9]. 
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Figure 1: Normal and shear stress distribution in a rectangular cross section of a beam. 
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3 Numerical approach  
3.1 Materials failure criteria  
Steel elements will only be considered working in its elastic range, so the constitutive equations will 
be defined by the Hooke’s law. When the structural element is made of concrete, its behaviour is 
defined by the moment-curvature diagram shown in Figure 4. There are three characteristic points, the 
cracking moment (Mfis), the plastic moment (Mp) and the ultimate moment (Mu) [10]. As the deflection 
of the concrete structure is increased, its stiffness decreases (KI>KII>KIII).  
 
Figure 4: Bending moment-curvature diagram for concrete behaviour.  
Range I covers bending moments lower than cracking moment. The stiffness can be calculated with 
the transformed section inertia (Ih) and concrete modulus (Ec). Cracking moment also needs tensile 
strength of concrete (fct) and the distance from the lower side of the section to neutral axis (v’): 
 v
'
cth
fis
fI
M
⋅
=
 (19) 
 hcI IEK ⋅=  (20) 
Then the corresponding cracking curvature (φfis) is: 
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Calculation of the next point in range II depends on the material that reaches its elastic limit first. If the 
steel plasticizes before concrete, then plastic moment is: 
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fyd is steel yield point, X the location of neutral axis, As2 and d the inferior steel distance from the upper 
side of the beam, d’ the coating thickness. Stiffness and curvature are obtained with cracked inertia (If) 
and steel modulus (Es): 
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3.2 Single load detection in beam elements  
Several algorithms had been designed for different sensor configuration and distribution all over the 
beams. Methods using shear stress detection with strain gages located at the central point of the cross 
section, or bending moment estimation from five gages distributed across the height of the beam, had 
been tested. In figure 5 an example of load detecting algorithm is included for the case of a steel beam. 
Once the strain data are measured, the bending moments and internal forces can be calculated. And 
these values are used to obtain the weight of the external forces and their location. If another material 
is tested only the constitutive equations must be changed. 
The most interesting method for implementation in CFRCs is the one represented in Figure 5. CFRCs 
will allow a multiple simultaneous strain measure all along the structure. So this algorithm detects and 
weighs single loads only with strain measures at the top side of the beam. As the strain distribution in a 
cross section is considered to be a plane, knowing its top value and applying equations (4) and (5) 
bending moments at that section can be calculated, and the loads applied as well. 
 
Figure 5: Example of load detecting algorithm for a simply supported steel beam. 
4 Experimental results and discussion 
In order to check the sensitivity of the proposed algorithms a steel flat bar and a reinforced concrete 
rectangular beam have been tested. Strain measures were obtained with HBM’s strain gages 
(resistance 120 Ω and gage factor 2.07 or 2.10) and a Vishay Micro-Measurements extensometer 
(model Vishay P3). 
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4.1 Steel beam results 
A steel flat bar of 20x4 mm section and variable length was experimentally tested. Different span 
lengths, between 0.60 and 1.50 m, were tested. Tests were performed with span lengths lower than 1.0 
m, and with one or two single loads of a maximum value of 37.5·10-3 kN, as shown in figure 6. After 
introducing the measured strain data in the designed algorithm, the calculated load value and its 
location were achieved in every case with the relative standard deviation (RSD) included in Figure 7. 
When one load was only applied, for span lengths lower than 1.0 m RSD reached a maximum value of 
2.4% for the weight and only 0.86% for the position. If two loads were applied, then the RSD was 
increased (6.28% and 3.84% respectively). More tests were run increasing the beam length. As the 
span increased the RSD also increased, due to the fact that deflections were too large, then the shear 
effect could not be neglected, and therefore the model error increased. 
  
Figure 6: Example of load detection test performance of simply supported steel bar. 
RSD(%) locating and weighing loads in a steel flat bar
0
2
4
6
8
10
50 75 100 125 150
Span Length (cm)
W
ei
gh
t R
SD
 
(%
)
0
1
2
3
4
5
Po
si
tio
n
 
R
SD
 
(%
)
1 Load (Weight) 2 Loads (Weight) 1 Load (Position) 2 Loads (Position)
 
Figure 7: Relative Standard Deviation of the data obtained detecting loads on a steel bar. 
4.2 Reinforced concrete beam results 
After that a reinforced concrete beam of rectangular section was casted. The dimensions were 
0.2x0.3x3.6 m, as shown in Figure 8. The mechanical and geometrical characteristics of the concrete 
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beam, as defined in [10], are included in Table 1. Laboratory tests according to UNE 83304:1984 and 
UNE 83316:1996 were performed in order to calculate the strength (45 MPa) and Young’s modulus 
(38.5 GPa) of concrete [11, 12]. In Table 2 the characteristic values of the bending moment-curvature 
diagram (Figure 4) are shown (19-24). 
 
 
Figure 8: Reinforced concrete beam section and steel reinforcement (left), test performance (right). 
 
Table 1: Geometrical and mechanical properties of the cross section of the RC beam. 
b (m) 0.20 As2 (m2) 2.26·10-4 n 5.45 Ab (m2) 6.00·10-2 
h (m) 0.30 fck (MPa) 45 ρ1 0.01142 Ah (m2) 6.37·10-2 
d (m) 0.264 fyd (MPa) 500 ρ2 0.00428 Ib (m4) 4.50·10-4 
d' (m) 0.036 Ec (GPa) 38.5 X (m) 0.076 Ih (m4) 4.97·10-4 
As1 (m2) 6.03·10-4 Es (GPa) 210 v (m) 0.153 If (m4) 1.47·10-4 
 
Table 2: Moment-curvature diagram values for the reinforced concrete beam tested. 
Elastic range Cracked range Plastic range 
KI (kN m2) 19151 KII (kN m2) 5678 KIII (kN m2) 1608 
Mfis (kN m) 11.00 Mp (kN m) 71.75 Mu (kN m) 73.70 
φfis (m-1) 5.74·10-4 φp (m-1) 112.73·10-4 φu (m-1) 458.33·10-4 
 
Five strain gages were attached to the upper face of the beam. At the central cross section five more 
gages were placed. In the tests the maximum load applied was 50 kN. The bending moment was 
higher than the cracking moment but lower than the plastic moment. So the beam was deflected in 
range II, with the properties of the cracked section. 
Assuming a plane strain distribution after deflection, the position of the neutral axis based on the data 
of the gages at the top can be determined, resulting in an average depth of 0.103 m. The analytical 
value according to standards [10] should be 0.076 m, as noted in Table 2. The difference between both 
values is due to neglecting tensile strength of concrete in the theoretical calculation. From now on the 
experimental value would be implemented in the algorithm.  
With that correction of neutral axis position, the efficiency of detecting and locating the applied loads 
improved. Anyway the RSD of the load measured and located was greater than for the case of the steel 
beam. This can be explained for the inaccuracy of the range in which the section is deflected. 
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However, when the load applied was lower, for example the weight of a person, the results were much 
better, obtaining RSD lower than 5%. This is possible because this little disturbance maintains the 
behaviour of the beam in the same range, whatever elastic or cracked. Although the method still needs 
to be improved for high loads, it results in a good approximation to detect people walking on the 
structure. 
One more thing to be noted regards to the data measured at the gage located at the bottom face of the 
beam. In every test that gage measured compression strain, and showed a perfect linear and reversible 
tendency. Further analysis showed the presence of a crack just beside the gage. So the effect detected 
can be explained with the graphic of Figure 9. As previously reported by Goto [13], when an 
embedded steel bar is under tension inside concrete in addition to the main primary cracks in the 
surrounding concrete, other internal cracks appear. The bar ribs also create small areas on the concrete 
surface subjected to compression instead of the overall tension status of the area.  
 
Figure 9: Cracking pattern in a RC element under a tensile force. 
5 Conclusions and future investigations 
The results obtained for the locating algorithms designed were good for a simply supported steel beam. 
The shorter the span was the better detection was achieved. There are extra difficulties when a 
reinforced concrete beam is used, due to the non-linear behaviour of the material. Relative standard 
deviations rose up to unacceptable level. So the algorithm has to be improved for non-linear materials. 
Concrete cracking is also another problem for some strain gages locations, and makes it impossible to 
measure the stress accurately in the tension side. So it would be better to use algorithms based on 
compression data only. 
The numerical and experimental approach to thin plates problem is currently being developed. Love-
Kirchhoff plates theory and Timoshenko’s solution for a simply supported rectangular plate with a 
single load are used [14]. 
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